One of the most common medical emergencies in this country is the development of acute respiratory failure in patients with chronic generalized obstructive lung disease who suffer an acute pulmonary infection or develop further serious airway obstruction due to asthma, smog-irritation, or exacerbation of bronchitis. Hypoxia may be profound during these episodes, and its relief by the administration of oxygen is urgently necessary. However, this often leads to further depression of ventilation and the development of "carbon-dioxide narcosis" (Donald, 1949;  Comroe, Bahnson, and Coates, 1950; Westlake, Simpson, and Kaye, 1955; Sieker and Hickam, 1956 ). The therapeutic problem in these patients is to relieve the hypoxia without producing a dangerous rise in arterial carbon dioxide tension (Pco2) . Barach (1938) was the first to report the onset of mental changes following oxygen therapy. He suggested that oxygen should initially be given at fairly low concentrations and be gradually increased as the situation allowed. Donald (1953) suggested the administration of oxygen by tent (approximately 35-40%) with intermittent brief periods breathing air. Campbell (1960a) elaborated Barach's original concept and suggested that the continuous administration of an oxygen mixture controlled with an accuracy of + 1% in the range 24 to 35% would allow relief of hypoxaemia without running the risk of a serious rise in Pco2.
Other workers have favoured early tracheostomy and mechanical ventilation, but the difficulties of this approach could be avoided if control of the inspired-oxygen concentration alone could be shown to be a safe method of treatment in a large number of 'cases. Many questions, however, remain unanswered. It is not known whether hypoxaemia can be adequately relieved by this method without producing a dangerous rise in arterial Pco2 and fall in pH, or whether an upper limit of 35% in the inspired-oxygen concentration will always prevent the Po2 from falling to a dangerous level. Likewise, it is not known what degree of control of the inspiredoxygen concentration is needed to prevent further CO2 retention. It is not known at what point of recovery accurate control can be discontinued and oxygen given at high concentrations. There are no reliable clinical criteria regarding when oxygen therapy can be discontinued altogether. Many workers have stressed the difficulty of predicting from the initial levels of Po2, Pco2, or pH how the patient will respond when given oxygen.
In the present study a number of patients have been treated' by controlled oxygen administration without assisted ventilation, and an attempt has been made to answer some of the above questions. A working approach to the treatment of such patients by accurate control of the inspired-oxygen concentration is suggested.
Throughout the text the terms Po2, Pco2, and pH will refer to the Po2 and Pco2 (mm. Hg) and to the pH in the arterial blood, unless otherwise stated.
Patients
Nine patients suffering from acute respiratory failure were studied-one patient on two occasions. The clinical features in each case are summarized in Table I . On admission to hospital the haemoglobin ranged from 12.7 to 16.7 g./100 ml., with P.C.V. between 43 and 63%, except in one patient (Case 7) who had an iron-deficiency anaemia with a haemoglobin of 9.5 g./100 ml. and P.C.V. of 37%. The E.C.G. showed right-sided changes (P pulmonale, R ventricular strain, partial R.B.B.B.) except in Case 5, where it was normal, and in Case 9, which showed evidence of an old myocardial infarction. Lung volumes were measured just before discharge from hospital (except in Case 7, who died). The vital capacity ranged from 0.8 to 2.3 litres. The ratio of residual volume to the total lung capacity varied between 58 and 82%, the highest predicted normal value for these patients being 47%.
The F.E.V.,.7, varied between 400 and 800 ml., with a mean of 590 ml. These results are all compatible with a diagnosis of chronic bronchitis and emphysema. The chest x-ray films satisfied the criteria of Laws and Heard (1962) for "emphysema " in all but two cases. In Case 3 'cardiomegaly and pulmonary congestion were the only findings in the x-ray examination, and Case 5 showed generalized fine pulmonary fibrosis. (Berneus, Carlsten, Holmgren, and Seldinger, 1954) ; the Po2, Pco2, and pH of each sample were estimated. The catheter lumen was kept filled with a heparin solution, and a tap closed off the system between the periods of sampling.
In all but one of these 10 studies (Case 5) the catheter was introduced shortly after admission and either two or three arterial blood samples were taken during a period of 20 to 30 minutes while the patient was breathing air, before oxygen or any other treatment had been given. Following this, oxygen was adminis-tered, in Case 1 by the Venturi mask (Campbell, 1960b) , and in subsequent studies by a blower system of our own design (Flenley, Hutchison, and Donald, 1963) -28  42  46  90  7-25  74  56  93  7-24  82  48  77  7-31  79  48  75  7-29  78  42  78  7-30  72  40  71   7.33   71  92  78  7-36  96  97  78  7-33  96   46  72  7-35  79  156  94  7-25  99   33  71  7-39  64  34  72  7-38  64  31  73  61  82  7-33  88  66   -7-32  90  69  83  7-31  93  46  75  7-34  81  56  81  7-33  85  60  81  7-33  88  45  82  7-36  78  44  74  7-35  78  45  79  7-35  78  71  70-71  70  7-38  93  66 estimated on a number of days after the "acute study," and, where possible, estimations were carried out when the patient had recovered from the acute infection (Table II) . Lung volumes were also measured at this time.
Laboratory Methods
Arterial blood carbon dioxide tension was estimated with a Severinghaus electrode (Severinghaus and Bradley, 1958) .
Arterial blood oxygen tension was estimated with a Clark cell (Bishop and Pincock, 1959) (Flenley et al., 1963) .
The total lung capacity and its subdivisions were measured by the closed-circuit helium-dilution method (Meneely and Respiratory FailureKaltreider, 1941 Needham, Rogan, and McDonald (1954) .
Results
The values of the arterial blood Po2, Pco2, and pH, at the various concentrations of inspired oxygen, are shown in detail in Table II together with the derived oxygen saturations (So2) and buffer-base values.
All patients had a raised Pco, and decreased Po2 when breathing air at the start of the studies. The pH was below normal in five of the seven studies in which measurements were made. during the initial phase of air-breathing.
Cases 1, 4, 5, 6, and 8 suffered from moderate respiratory failure, but their condition during treatment did not cause anxiety and they all survived. Cases 2, 3, and 9 were in more severe respiratory failure; all were gravely ill on admission and the outcome of treatment was uncertain for some days, but they all recovered. One patient (Case 7) died from respiratory failure with progressive acidosis. The clinical progress of each case is summarized below.
Clinical Progress
Case 1 (Fig. 1 (Fig. 4) .-This woman was grossly obese, uraemic (blood urea 200 mg./100 ml.), in severe congestive heart failure, and was also suffering from iron-deficiency anaemia (Hb 9.5 g./l00 ml. In the introduction various questions of the control of oxygen therapy were posed. An attempt is made to provide answers to these questions from the results in Table II In Case 2 (Study 1, Fig. 2 ) lowering the inspired-oxygen concentration from 36% to 29% produced a fall in Pco2 from 93 to 77, and a further decrease to 27% oxygen caused the Pco, to fall to 71 with a further rise in pH to 7.33. In Case 3 (Fig. 3) (Fig. 4) 
Discussion
The reasons for the onset of ventilatory depression during acute exacerbations of chronic bronchitis are not fully understood. According to one school of thought the most important factor is depression and abnormal behaviour of the respiratory centre, in addition to impairment of the function of the lungs themselves. An alternative view is that the respiratory centre is behaving normally, but that the increased airways obstruction associated with the acute infection leads to such an increase in the mechanical work of breathing that failure of the respiratory muscles themselves takes place, leading to underventilation. However respiratory failure is produced, hypoxia appears to be of increasing importance as a stimulus to respiration, and the syndrome of underventilation and carbon-dioxide narcosis following oxygen therapy is well recognized. There is considerable patient-to-patient difference in the response to oxygen therapy, and Comroe et al. (1950) were the first of a number of groups of investigators to stress the difficulty of predicting from the initial Pco2, P02, or pH which patients would develop respiratory depression. We have attempted to elucidate some of the causes of this uncertainty and also to assess the relative importance of the actual level of arterial Pco2, Po2, and pH.
Control of Inspired Oxygen Concentration
The magnitude of the increase in Po2 must be one of the most important factors in bringing about ventilatory depression during oxygen therapy. Even with modern methods of oxygen therapy there is still considerable uncertainty regarding the true inspired-oxygen concentration, and for this reason a blower system previously described (Flenley et al., 1963) was used in the majority of the studies reported here. This system was shown to deliver an inspired-oxygen concentration which was predictable within + 1.8% (95% confidence limits) and to be capable of maintaining this in the face of a respiratory minutevolume of up to 10 litres per minute. It was then possible to study the patient's response to a precise inspired-oxygen concentration and to maintain this concentration for long periods.
Relation Between the Inspired-oxygen Concentration and the Arterial Oxygen Tension
The relation between the inspired-oxygen concentration (FIo2%) and the arterial P02 is shown in Fig. 5 ; for the sake of comparison between patients FIo:, % has been plotted against the increment in Po2 (APo2) rather than the absolute values of Po.. The appropriate data in Cases 1 and 5 are not available.
The slope of the regression line through these points (APo2/ AFIo2) is 2.08. Campbell (1960a) has used an approximation of the two-level method of Riley, Cournand, and Donald (1951) to predict the relation between the inspired-oxygen concentration and arterial Po2, but we have not felt justified in this study in making the assumptions necessary to the method and have chosen to derive a purely empirical relationship. In Fig. 5 it will be seen that there is, not surprisingly, variation of response from patient to patient, and these differences are another contributing factor towards the difficulty of predicting the changes in Po2 and Pco2 when oxygen is given. 
Relationship Between the Arterial Oxygen Tension and the Arterial Carbon Dioxide Tension
In the majority of patients with respiratory failure there is a further rise in Pco2 when oxygen is given. If there is any relation between the increase in arterial Po2 (APo2) and the increase in arterial Pco2 (APco2). Fig. 6 shows the mean Pco2 and Po2 in all cases except Case 5 during the initial period when breathing air and again after a period of at least 30 minutes breathing 35 % oxygen. It will be seen that in two subjects (1 and 9) there was no rise in Pco2 as P02 increased, although both patients evidently had severe respiratory failure; the other patients, however, developed a Changes in the ST segment and T waves of the E.C.G. were described by Patterson, Clark, and Levy (1942) (Study-i) , Case 7, and Case 9). The safe method is to measure the arterial Po2. In the absence of an oxygen electrode the arterial blood-oxygen saturation is extremely useful, particularly in the range being considered.
Hypercapnia and Respiratory Acidosis
By definition, respiratory failure is associated with a raised Pco2, which in turn tends to cause a respiratory acidosis. The extent of this acidosis, as measured by the arterial pH, is determined by the buffering capacity of the blood and tissues.
1. Pco2 and pH.-In addition to determination of a safe minimum level of P02 it is necessary to establish the levels of Pco2 or pH which can be accepted during controlled oxygen therapy. The mental effects of hypercapnia are well known, these being dominated by drowsiness and coma; hence the term " carbon-dioxide narcosis." Previous workers have found difficulty in establishing at what levels of Pco2 or pH these changes occur (Comroe et al., 1950; Westlake et al., 1955 Sieker and Hickam, 1956 ), and our experience supports this view. For instance, in Case 2 (Study 2) and Case 7 drowsiness was the only feature, despite an initial Pco2 of 70. Case 9 was mentally normal when the Pco2 was 63, but she became confused when the Pco, rose to 100 with oxygen given by a Polymask.
It is difficult to decide the relative importance of pH or PCo2 levels in determining the danger of respiratory acidosis. The contrast between Cases 3 and 7 in our series impressed upon us the importance of the pH levels. Both cases suffered from similar degrees of hypercapnia (Pco2 120), yet in Case 3, who survived, the lowest pH was 7.25 and in Case 7, who died, the lowest pH was 7.06. In three previousstudies (Comroe et al., 1950; Westlake et al., 1955 ; Sieker and Hickam, 1956) no patient died so long as the pH remained above 7.25, although Pco2 is raised experimentally from 50 to 100 in the dog (Rector, Seldin, Roberts, and Smith, 1960) . This maximal reabsorption rate is achieved only when a given level of hypercapnia is maintained for four days. In our patients there is little change in the level of buffer base after the time of admission, suggesting that the maximal rate of bicarbonate reabsorption had already been reached (Table II) . Gross and Hamilton (1963) have described the difficulty of assessing the absolute level of Pco2 from physical signs, and they conclude that the increase in Pco2 over the patient's normal level when ambulant is of more importance. This "pre-morbid" level is usually not known, but we feel that it can be assumed that the pH will be above 7.35 in any ambulant patient with chronic respiratory failure. The rise in Pco2 due to an acute exacerbation will therefore be reflected in the fall in pH below 7.35. Again this supports our view that the arterial pH is of more immediate prognostic value than the level of Pco2 in the management of these cases.
The importance of the level of buffer base in this context is also illustrated by comparing Case 3 and Case 7. In Case 3 the buffer base was between 61 and 76 mEq/l., well over the normal range of 44 to 52 mEq/l. In Case 7, where the pH fell to 7.06, the buffer base was only between 42 and 54 mEq/l.
In this case the blood urea was 200 mg./100 ml., although at necropsy the kidneys were histologically normal. It must be pointed out that the buffer base also depends upon the degree of metabolic acidosis, which can occur owing to the anaerobic production of excess lactate in these hypoxic patients (Huckabee, 1958) , in addition to the renal reabsorption of bicarbonate.
It is worth noting that in the series of Sieker and Hickam (1956) the mean pH was 7.12, but the mean buffer base remained within the normal range, there being on the average no significant rise to compensate for the acidaemia. The mortality rate was 50% in this group of patients.
3. Limits of pH.-We would suggest that one aim of controlled oxygen therapy should be to maintain the pH over 7.25. It must be pointed out that arterial blood must be sampled if this measurement is to be made, and that rebreathing methods can only estimate the mixed venous Pco2 (Campbell and Howell, 1960) . This method can be invaluable in establishing the diagnosis of respiratory failure, but as it cannot provide information on either the Po2 or the pH we feel that it is not advisable to rely only on rebreathing methods in the management of severe cases of respiratory failure. In any case where the Pco2 is over 70 by the rebreathing method when the patient is breathing air the Po2 cannot be much more than 30 (Fig. 6 ), and such a case requires arterial-blood-gas monitoring in order to ensure that controlled oxygen therapy provides a Po, of at least 50, while the pH is maintained above 7.25.
Oxygen Therapy in Respiratory Failure Due to Chronic Bronchitis and Emphysema These patients can be treated conservatively with controlled oxygen therapy or by mechanical ventilation with intermittent positive-pressure respiration (I.P.P.R.). From the experience in the studies described above we would propose the following scheme of treatment.
Controlled oxygen therapy can be given with various degrees of sophistication both in administration of the oxygen and in monitoring of the patient's progress.
The simplest treatment requires that only slightly elevated concentrations of oxygen, approximately 30%, be given continuously to any patient in whom an exacerbation of chest infection with cyanosis is present, if that patient is known to suffer from chronic bronchitis and emphysema. The Venturi mask (Campbell, 1960a) or the much cheaper Edinburgh mask (Flenley et al., 1963) (Kilburn and Sieker, 1960) and this fall in output can be very serious in patients with cor pulimonale (Roncoroni, Agrest, Roehr, and Grzesko, 1962) . Sieker and Hickam (1956) These measurements can now be made by a well-trained technician, the apparatus being mounted on a trolley for use in the ward area. While resistance to such arterial blood monitoring undoubtedly exists, it should be remembered that largebore arterial catheters are now often used for radiological investigations in many conditions where life is not immediately threatened.
It is universally accepted that severe metabolic emergencies such as diabetic coma or acute renal failure require precise biochemical monitoring, and a different standard of observation and treatment for patients with severe respiratory failure is no longer acceptable. Both diabetic coma and advanced respiratory failure are serious emergencies which are nevertheless reversible in a large number of cases. Both emergencies require constant attention by an experienced physician supported by technical staff, and both demand frequent estimation of the appropriate blood chemistry over a number of hours or even days until a safe degree of recovery is assured.
Summary
Ten detailed studies of respiratory failure secondary to an acute exacerbation of chronic bronchitis are reported. The response of the patients to precisely defined variations in the inspired-oxygen concentration was studied by frequent analysis of the Po2, Pco2, and pH of the arterial blood, sampled from an indwelling catheter.
A wide variation in the response of the patients to oxygen was found and some of the factors which contribute to these variations have been investigated. These include: (a) the degree of control of the inspired-oxygen concentration, (b) the varying relation between the inspired-oxygen concentration and the arterial Po2, and (c) the varying relation between changes in arterial Po2 and changes in the Pco2.
It is proposed that the aim of conservative management by controlled-oxygen therapy in these cases should be to maintain an arterial Po2 of at least 50, without allowing the pH to fall below 7.25. A low arterial pH is thought to be of more value in assessing the severity of the condition than is the level of the arterial Pco2. A Pco, of 70 or more when breathing air suggests that severe respiratory acidosis is almost certain to occur if oxygen is given in high concentration.
Accurate control of the inspired-oxygen concentration has proved of great value even in severe cases of respiratory failure, for by this means adequate relief of hypoxia can be obtained without the production of severe respiratory acidosis. It is suggested that control of the inspired concentration within 5% in the 21 to 35% range is required, and that higher concentrations of oxygen may still be dangerous for at least three days after the start of controlled-oxygen therapy even if the response to this treatment is satisfactory. Oxygen therapy may well be required for at least one week.
Tracheostomy and mechanical ventilation are proposed as a second line of treatment if controlled oxygen therapy with antibiotics, bronchodilators, and respiratory stimulants cannot maintain an arterial Po2 over 50 without depressing the pH below 7.25.
A plea is made for a higher general standard of quantitative observation and treatment in respiratory failure. The levels of oxygen being administered should be known and the response in terms of arterial Po2, Pco,2 and pH should be accurately determined.
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